The Drosophila zfh-1 gene encodes an unusual protein with nine Cys2His2 type zinc-finger motifs and one homeodomain that shows a complex pattern of expression in the embryonic mesoderm and nervous system. To study the function of zfh-1, we generated loss-of-function zfh-l mutations. Phenotypic analysis ofzfh-l mutant embryos reveals that the gene is not required for the initial segregation of the mesoderm or for the differentiation of mesodermally derived tissues. Rather, loss ofzfh-1 function results in various degrees of local errors in cell fate or positioning.
In Drosophila, the mesoderm arises from the most ventral region of the embryo and the fate of mesodermal cells is specified during early embryogenesis (for review, see refs. 1-3). These cells give rise to the somatic and visceral muscles, the heart, the fat body, and gonadal support cells of the embryo and larva (3) . The embryonic precursors of the adult muscles, which also have a mesodermal origin, start to divide at the late larval stage and differentiate during the pupal stage to generate the adult muscle system (2, 3) .
Although a number of genes have been shown to play a role in mesoderm differentiation, much of the genetic hierarchy that controls development of the many mesodermally derived tissues is unknown. The nuclear concentration of the dorsal protein determines dorsal-ventral polarity of the embryo and the site of mesoderm formation. The dorsal protein directly activates the transcription of the twist gene (4) (5) (6) . Twist and another zygotic gene snail are specifically expressed in mesodermal anlagen and encode DNA-binding transcription factors (7, 8) . Mutation of either twist or snail results in a failure of mesoderm development (9, 10) . One of the genes that may be directly regulated by twist is tinman (msh-2), which encodes a mesoderm-specific homeodomain protein (11) . However, tinman mutants show defects only in visceral muscle and embryonic heart development, while the early development of the mesoderm is normal (ref. 11 and R. Bodmer, personal communication). During visceral muscle formation, tinman appears to control the activity of another putative transcription factor encoded by the H2.0 gene, whose expression is restricted to the visceral muscles and their anlagen (11, 12) . However, deletion ofH2.0 gene has no detectable effect on visceral muscle formation (13) . The Drosophila homolog of vertebrate MyoD, called nautilus (14) or Dmyd (15) , and the homeobox gene S59 (16) are also expressed in muscle precursors; these genes are likely to function in the process of muscle formation.
We have previously characterized the zfh-J gene in Drosophila, which encodes a protein with nine Cys2His2 type zinc-finger motifs and one homeodomain (17) . The expression pattern of zfh-1 suggests that it may be required during development of both the mesoderm and the nervous system (18) . To determine the function of zfh-1, a genetic screen was carried out to generate zfh-l mutant alleles. We report here the isolation of loss-of-function zfh-J mutations and the phenotypic analysis of zfh-l mutant embryos.
MATERIALS AND METHODS Genetics. Isogenized male bw;st adults were treated with ethyl methanesulfonate as described (19) and then mated to bw; TM3/TM6B females. Resulting F1 bw;st */TM6B males were individually crossed to bw;st Dfl3R)20 e der'77/TM3
females. The absence of bw;st *1st Dfl3R)20 e der'77 flies, which can be identified by their white eye color, indicated that a potential lethal mutation had been induced in the region between 100A1-3 and 100B1-2, which is deleted on the DfJ3)20 e der'77 chromosome. The chromosomal deletions Df(3R)tlle and DAl3R)tllPgx have been described (20 (18) .
RESULTS
Isolation of zfh-l Mutant Alleles. The zfh-1 gene is located at 100A1-2 on the third chromosome (17) . Based on the expression pattern of zfh-l (18), we assumed that loss-offunction mutations of zfh-l would be lethal. We first isolated lethal mutations in the region 100A1-3 to 100B1-2; this region is deleted in Dfl3R)20 e der'77 and is estimated to contain -300 kb of DNA (21) (8 alleles) , and l(3)10OAc (16 alleles). To determine whether one of these three genes corresponded to zfh-1, mutations in each group were tested to see whether they affected ZFH-1 protein expression when homozygous. Protein immunoblots (Fig. 1) or whole-mount staining (data not shown) of embryos from parents heterozygous for six alleles of l(3)10OAc showed that for each allele =25% of the embryos, the fraction expected to be homozygous for the mutant allele, lacked the ZFH-1 antigen. In contrast, two alleles each ofl(3)JOOAa and l(3)1OOAb were tested and found to have no effect on ZFH-1 expression. Based on these data, we renamed the l(3)10OAc gene zfh-1.
Phenotypic Analysis of zfh-l Mutant Embryos. Three protein-null alleles, zfh-12, zfh-15, and zfh-16, were examined. zfh-12 was the only allele with normal cuticle, zfh-15 had normal denticle belts but abnormal mouthhooks, and zfh-16 had fused or bunched denticle belts but normal-looking mouthhooks. All three alleles were studied for phenotypes in mesodermally derived structures, and all three showed approximately the same type and range of phenotypes; however, only zfh-12 is illustrated and discussed because its normal cuticle reduces the likelihood of phenotypes that are a direct effect of the epidermis on the mesoderm. Three markers were used to study mesodermally derived structures. Early events in the mesoderm were examined using an antibody to the twist gene product (7), muscle segregation and differentiation were studied using an antibody to the S59 gene product (16) , and the mature somatic muscles, visceral mesoderm, and heart were studied using an antibody raised against myosin (22) . The twist antibody was also used to examine the pattern of adult muscle precursors.
Early events in the mesoderm appear to occur normally; twist is expressed correctly in the blastoderm; invagination of the mesoderm and the subsequent spreading of the cells to form a single internal layer occurs normally (23) . In the wild type, mesodermal invagination is followed by a gradual decrease in the number of cells expressing twist, as they differentiate into tissues such as the somatic and visceral musculature, fat body, heart, and gonadal mesoderm (2) . This decline in twist expression, too, appears to occur normally, though here the pattern is complex and less easy to analyze (data not shown). allele. The 145-kDa ZFH-1 protein, detected by the ZFH-ld antisera, is indicated. Ten of the 14 lanes appear to represent either mutant heterozygotes or wild-type embryos, since ZFH-1 is present. The ZFH-1 antigen is absent in -25% of the embryos (lanes 1, 2, 9, and 12), the expected frequency for mutant homozygotes. The 70-kDa fasciclin I protein, detected by MAb6D8, was used as an internal control and is detected in all lanes.
Moreover, no major defects were detected in the nervous system of zfh-l mutant embryos when stained with a number of antibodies specific to the central nervous system (data not shown).
The Somatic Musculature. The larval muscles of Drosophila form a complex regular array of 30 muscles per abdominal hemisegment (A2-A7) ( Fig. 2A) . Each muscle is formed by the fusion of myoblasts and inserts onto the epidermis in a characteristic fashion, according to its identity. For convenience, we have here classified the muscles according to their position and orientation-ventral-oblique, ventrallongitudinal, pleural, and dorsal (see Fig. 2 A and E; for details, see refs. 24 and 25).
The muscle pattern in zfh-12 mutants as revealed using an antibody to muscle myosin shows a wide variety of errors in the pattern and a range of severities. The ventral-oblique and the dorsal muscles are usually the most severely affected. Fig. 2B shows a typical example, in which the ventral-oblique muscles are so deranged as to make it impossible to assign identity to any single muscle. The three ventral-oblique muscles in wild-type are apparently reduced to only one muscle in zfh-12. The other two could be missing or displaced, and there are many candidate muscles in the region whose abnormal insertion sites make them unidentifiable. The ventral-longitudinal and pleural muscles appear fairly normal in number and attachment but lack the taut straight appearance of the wild type. An example of a missing muscle is provided by Fig. 2F (dorsal muscle) .
The segregation of muscles can be examined using the antibody to the S59 gene product. In the wild type, S59 is expressed in a subset of identified muscle precursors, as they first arise, as one, two, or four cells (Fig. 3A) . The sequence of events-order of appearance, position within a segment, and increase in cell number-is very precisely stereotyped (16). Thus we can use this antibody to determine whether particular muscles are missing because their precursors fail to segregate, whether they are positioned incorrectly from an early stage, or whether the abnormalities seen in the mature muscle pattern are the result of late events such as incorrect attatchment. zfh-12 mutants show a variety of errors in segregation, for example, muscle precursors failing to appear, appearing in the wrong place, and/or appearing with too many or too few cells (Fig. 3B) . The defects at this point are reflected in the later embryos. At stage 15, the mature pattern of S59 expression is established. In wild type, there are now three S59-expressing muscles per abdominal hemisegment: two ventral and one dorsal (Fig. 3C) . The nuclei are arranged in precise and characteristic arrays within the muscles. zfh-12 mutants have missing muscles, misplaced muscles, and nuclei within a muscle disorganized and spreading further from the cluster than normal. There is, in stage 15 and older embryos, a range of phenotypes, varying from segment to segment within one embryo and from embryo to embryo, with each embryo exhibiting overlapping collections of defects. The overall severity of the phenotype also varies between embryos. Fig. 3D shows an intermediate phenotype.
The Visceral Mesoderm and the Gut. The wild-type gut is a continuous tube formed of the foregut, midgut, and hindgut. The foregut and hindgut are formed by invagination of the ectoderm, beginning at gastrulation. The majority of the midgut is formed by migration of endodermal primordia, which lie at the ends ofthe fore-and hindgut. These primordia migrate toward each other over the visceral mesoderm, and it is thought that the visceral mesoderm may play an important part in directing this migration. Once the gut has become a continuous structure, from anterior to posterior and covering the yolk, constrictions appear in the midgut, and the yolk is subdivided. This is followed by an elongation and narrowing of the midgut to form a coiled tube ( Fig. 2C; vo, Ventral oblique; vl, ventral longitudinal; p, pleural (see ref. 24 ). The ordered array of muscles in A is disturbed in B. Note especially three ventral oblique muscles (arrows in A in two segments) apparently reduced to one muscle in B (arrows). Ventral longitudinal and pleural muscles appear normal in number and attachment but are less robust than in wild type. (C and D) Ventral views, interior focus, of wild type and zfh-12 gut, respectively. Anterior is to the left. mg, Midgut; hg, hindgut; pv, proventriculus. In wild-type embryos (C), the foregut, midgut, and hindgut form a continuous coiled tube; at the junction of the fore-and midgut is the proventriculus (not visible in this plane of focus). zf7t-/2 (D) has formed a continuous gut, and the fore-and hindgut appear normal (note the proventriculus). In the midgut, however, constrictions have started to form (arrow) but have been not completed, nor has the midgut elongated. (E and F) Dorsal views of wild-type and zft-12 heart. Anterior is to the left. h, Heart; dm, dorsal muscle. In wild type (E), the inner myosin-expressing layer of cardioblasts (24) is visible as a double row of cells. Note that the structure widens and forms a lumen toward the posterior. In zfh-12 (F), the heart is misshapen and has a pronounced kink (black and white arrow). The dorsal muscles are also disorganized; the white arrow points to a large gap in the pattern. and hindgut appear normal, but the midgut is abnormal. The mutant embryos succeed in making a continuous gut that surrounds the yolk, and the constrictions start to form but rarely complete the subdivision of the yolk (Fig. 2D) , and the elongation and narrowing of the gut occurs in a partial and very uneven fashion (data not shown). S59 is expressed in a part of the wild-type midgut endoderm at stage 15 in cells directly anterior to the first constriction to appear (16) . These cells continue to express S59 in a loop of the mature gut. In zfh-12 mutants, S59 is expressed in approximately the usual part of the gut, and in some embryos, it is possible to see a constriction forming posterior to these cells. In older embryos, these cells continue to express S59, but they are clearly abnormal, forming a bulge rather than a loop.
The Heart. The wild-type heart consists of a tube of inner cardioblasts, with an outer layer of pericardial cells (27) . Only the cardioblasts express myosin. The tube is formed when the dorsal-most cells of the mesoderm, the future cardioblasts, come together and meet, shortly after dorsal closure (Fig.  2E) . The phenotypes seen in zfh-12 embryos fall into two categories, though again a range of severities is seen. The most common phenotype (approximately two-thirds of mutant embryos) is a pronounced kink in the heart, usually around A4, and a rather uneven sometimes spindly structure elsewhere (Fig. 2F) . The other category (approximately one-third of mutants) has breaks in anterior parts of the heart-the two sides fail to come together for part of the length of the heart or the cells fail tojoin to make a continuous tube lengthwise. Hearts with these phenotypes often have posterior defects consisting of two cardioblasts side by side, where there should only be one. This may occur in isolated cells or in several adjacent cells (data not shown).
The Gonadal Support Ceils. The staining of zfh-12 embryos with the pole-cell-specific marker vasa reveals that the gonads are abnormal. This is most prominently seen in older (stage 16) embryos, when the normally compact structure of the gonad appears more dispersed (data not shown). The pole cells find their way to the developing gonads, cluster, and appear to form a compact structure; however, the characteristically rounded structure of the wild type is not maintained and a range of defects is seen.
The Precursors of Adult Muscles. As described above, the initial high level of twist expression in all the cells of the mesoderm declines as these cells differentiate and cease to express twist. A subset of twist-expressing cells remain, however, that includes those cells destined to give rise to the adult musculature (2) (Fig. 3E ). These cells are the precursors of the adult abdominal ventral, lateral, and dorsal muscles, respectively. In the thorax there are conspicuous patches of cells associated with the imaginal discs that will give rise to the complex and extensive musculature of the adult thorax, including flight and leg musculature (28) . zfh-12 mutants show a wide range of phenotypes, including loss, gain, or displacement of adult muscle precursors. Approximately half of the mutant embryos have up to a quarter of adult muscle precursors missing or displaced; Fig. 3F shows a mild example of this kind of phenotype. Other phenotypes include embryos with extra cells, with many cells displaced, or with nearly all adult muscle precursors missing, including those associated with the imaginal discs (data not shown).
DISCUSSION
The expression pattern of zfh-J during embryogenesis suggested that zfh-1 plays a role in mesoderm and nervous system development and that removal of the zfh-J function might be lethal. Indeed we have isolated zfh-J mutant alleles based on this assumption. zfh-l is expressed in the mesodermal anlagen (18 15) embryos retain expression in the nervous system, heart, gonadal support cells, and other cells including the precursors of the adult muscles. Low levels of expression also remain in the somatic musculature and the visceral mesoderm (18) .
The results presented here clearly show that zfh-1 is not required for the initial segregation of the mesoderm. Twist is expressed in the blastoderm, gastrulation takes place, and mesodermal markers such as myosin and S59 are expressed in null mutant embryos. Indeed, zfh-J expression is twistand snail-dependent, arguing that its functions are downstream of mesoderm determination (data not shown). Furthermore, zfh-l is not required for the differentiation of most mesodermally derived tissues and structures, since the somatic musculature, visceral mesoderm, and heart all form. These tissues can all make coordinated structures, and there is clearly no absolute requirement for the gene for any one process (for example, segregation of any particular larval or adult muscle precursor, fusion of myoblasts, insertion of muscle fibers onto the epidermis, or joining of cell layers to form the heart). The result of removing zfh-l is, rather, various degrees of local errors in cell fate or positioning. For instance, the segregation of embryonic and adult muscle precursors, as detected using anti-S59 and anti-twist shows GenetiCS: Lai et al. .f'
.t loss, gain, and mispositioning of precursors. For the heart and the gut, the problem also seems to lie with cell organization, since these tissues are malformed. A conspicuous feature of the zfh-l mutant phenotype is an abnormality of the midgut, which is a composite structure consisting of an inner, endodermal, gut wall lined by cells derived from the visceral mesoderm. It is known that the normal morphogenesis of the gut requires an interaction between these two tissues (29, 30) . zfh-J is not expressed in the endoderm, and it may well be that the gut phenotype seen in zfh-l mutant embryos reflects a failure in the proper differentiation of the visceral mesoderm, and/or in information transfer from the visceral mesoderm to the underlying endoderm. An additional feature of the z fh-1 phenotype (seen in dissected embryos, data not shown) involves an apparent adhesion between the gut and the fat body, which in the wild type lies freely between the gut and the muscles of the body wall. If this adhesion prevents the normal behavior of the visceral mesoderm as it lines the gut, this too could result in abnormal gut morphogenesis.
It is interesting to note that the final levels of expression of zfih-J in the different tissues (that is, low expression in visceral mesoderm and somatic muscle, high expression in the heart and adult muscle precursors) seem to bear no relation to the final severity of phenotype, as the heart and adult muscle precursors are not quantitatively more affected than other structures. Partial functional redundancy of genes involved in muscle development has been reported in both vertebrates and invertebrates. Removal of either MyoD or Myf-5, two putative master regulators of muscle formation in vertebrates, results in no apparent defect in muscle development in mutant mice (31, 32) . In Drosophila, complete deletion of H2.0 gene results in no detectable phenotypic abnormality in visceral muscle formation (13) , where H2.0 is prominently expressed (12) . Similarly, although mutations of tinman result in the failure of the visceral muscle and heart development, early mesodermal development is normal (ref. 11; R. Bodmer, personal communication). It is possible that zfh-1 and tinman, or as yet unidentified genes, share partially overlapping functions in early mesoderm development. The generation of mutant alleles of the genes encoding putative regulatory proteins, such as zfh-J, is an essential first step toward elucidating the complex regulatory network controlling differentiation of mesodermally derived tissues.
